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Introduction
Unprocessed crude oils consist of some amount of triglycerides as well as free fatty acids
(FFAs). FFAs are virtually absent in oils from living tissue. They are formed by enzymatic
action after the animal has been slaughtered1. Hydrolysis of ester bonds in lipids, which results in
the formation of FFA from the triglycerides, may be caused by enzymatic action, heat, or
moisture1. This release of short-chain fatty acids is the reason for rancid flavor and odor 2.
Furthermore, the presence of FFAs can self-catalyze and release more FFAs from triglycerides 3.
FFAs are susceptible to oxidation, which leads to oxidative rancidity. Any increase in the acidity
of oil must be prevented to avoid FFA build up within the oil 3.
FFA removal/prevention process has the maximum economic impact on oil production.
Any inefficiency in this process will result in some decreased productivity in subsequent
processing steps. While the processed oil has value as energy content in animal feeds, FFA
separation not only captures that value but enhances the oil quality and margins. The removal of
FFA from crude oil is a difficult stage in the refining cycle due to the fact that it will determine
the quality of the final product. Increased levels of FFAs in fats have been shown to reduce the
digestibility and thus the true energy content of fats. On average, every 10% of FFAs will result
in a reduction in digestible energy.
Over a three year period (2011-2014) the average price of poultry oil has decreased from
$990 per metric ton to $6604. It therefore stands to reason that it would be a benefit to the
renderer to be able to have more options regarding markets for the rendered oil. Dissolved air
floating skimmings or secondary poultry nutrient (SPN) have a high oil content material, but it is
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often high in FFA, particularly after rendering. This limits the renderer’s ability to negotiate a
higher margin for its ultimate use.
Current Removal Techniques of Free Fatty Acids
One of the most commonly used deacidification methods for removal of FFAs is
chemical deacidification. This method removes not only the FFAs but also color pigments and
phospholipids5. Chemical deacidification involves the addition of an alkali to oil, causing the
FFA to precipitate put as a soapstock which is removed using mechanical separation. One of the
biggest drawbacks with chemical deacidification is the considerable oil loss due to the hydrolysis
of neutral oil by the added alkali material. Also, oil becomes trapped within the soapstock, which
is capabile of hold 50% of its weight as oil, causing a loss of FFA free oil, thereby reducing the
overall yield of refined oil. FFAs such as oleic acid, stearic acid, linoleic acid and palmitic acid
on their own have many uses meaning that extracting them from the oil and soapstock is often
desired. This process of FFA removal from the oil or soapstock often involves the use of
concentrated sulfuric acid. A major drawback to this process is the creation of a polluted waste
stream that is expensive to treat.
The second method for the removal of FFAs is through physical deacidification. This
method uses steam stripping while under a vacuum. Physical deacidification removes
unsaponifiable substances, and pungent compounds in addition to FFAs. This method prevents
the formation of soapstocks seen in the chemical deacidification. Overall, physical
deacidification offers several advantages over chemical purification such as higher product yield,
elimination of soapstock formation and increased quality of the FFAs captured. However, there
are many drawbacks. They include: stringent pretreatment requirements and not usable for all
types of oils (heat sensitive oils)6. There are some chemical considerations that need to be
accounted for. Iron content can reduce the oxidative stability of the product 7. Due to the need of
high temperature and vacuum there is a chance of the formation of side products such as
polymers and trans-isomers8.
The third major method of removal of FFAs from oil systems is through miscella
refining: the refining of crude oil in a solvent extraction plant, before solvent stripping. In a
typical process, miscella (formed from 45–55% oil in hexane mixture) is added to a sodium
hydroxide solution and mixed to allow for neutralization and decolourization 9. There is a
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soapstock that is formed and is removed using centrifugation. There are several advantages of
miscella refining over chemical deacidification which include: a dilute alkali solution; the
soapstock can be efficiency separated with centrifugation; and there is a low amount of
soapstock that remains in the neutral oil. Even with all of its advantages, there are some
drawbacks that include: The need for expensive explosion-proof and enclosed equipment, the
need for solvent mills to be effective and economical, and issues with mass transfer between the
oil and hexane mixture9-10.
A newer method of deacidification relies on the adsorption of the FFAs onto the surface
of an adsorbent. The adsorbent can be anything from a chemical such as chitosan, to activated
carbon or earth, an exchange resin, and even nanoparticles. Sathivel showed that chitosan, a long
chain polymer could capture FFA at a concentration of 71mg of FFA per gram of chitosan 11.
This is a low capture efficiency and there is a need to remove the chitosan containing the FFAs.
Sathivel also showed that activated earth could also be used, however the capture efficiency
(57mg per gram of earth) was lower than that of the chitosan. Activated carbon was tested by
Ribeiro for its FFA capture ability and was shown to be slightly better (65mg per gram of
carbon) than activated earth, but lower than chitosan 12. The first real improvement to the
adsorption method came from porous magnesium-silicates. Clowutimon showed that silica and
magnesium oxide compounds could capture FFA at a rate of 185mg FFA per gram of silicate 13.
The drawback to the use of the silicates is removal from oil, and the need for a high loading of
the powder to be effective. In 2010, there was a second breakthrough in the adsorption of FFAs
using adsorbents in the form of ion exchange resins. Jamal was able to adsorb between 260270mg FFA per gram of resin14. The resin was also tested for the ability to be recycled. This
method however suffers from the need of up to a 20% loading of resin, the addition of methanol,
heating requirement, an 8 hour exposure time and difficultly removing the resin after FFA
adsorption.
Magnetic Nanoparticles
Many of the adsorbent issues that were described in the previous section are solved
through the use of magnetic nanoparticles (MNPs). Nanoparticles are particles on the size range
of 1-100 nanometers. For a comparison, the average width of a human hair is approximately
100,000 nanometers. Magnetic nanoparticles have several advantages compared to bulk
counterparts. MNPs can be manipulated through the use of external magnets, allowing for
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simplified separation from solutions. Additionally, MNPs have very large surface area-to-volume
ratios allowing for removal of higher amounts of target materials through enhanced adsorption
capacity.
Magnetite, Fe3O4, has been shown to be able to competitively adsorb FFA (125mg/g)
with the added benefit of easy separation for the oil system using a magnet 15. Another benefit of
using magnetic nanoparticles is the ability to regenerate the surface under mild basic conditions.
This allows for the particles to be reused several times before replacement is required. As it will
seen in the following sections, newly developed MNPs from the Georgia Tech Research Institute
will have FFA adsorption capacities many times higher than the next best available adsorption
technology for the removal of FFAs.
Removal of Free Fatty Acids using Magnetic Nanoparticles
Adsorption Study
Two properties of the magnetic nanoparticles’ ability to removal FFAs that was first
investigated was the adsorption capacity of the MNPs and the time required for maximum
capture. This was accomplished using an oleic acid (a typical FFA) dissolved in hexanes. Figure
1 shows the effect of contact time on the amount of oleic acid adsorbed, with time varied from 5
minutes to two hours. It was found that 60 minutes is the minimum time required for maximum
adsorption. A second study was performed to generate an adsorption isotherm, which was
needed to calculate the maximum adsorption capacity of the MNPs for FFAs. A constant amount
of MNPs (~30mg) was added to varying amount of oleic acid (0-2000ppm). Figure 2 shows the
isotherm generated from the experiment while Figure 3 shows the Langmuir model applied to the
data to calculate the maximum adsorption capacity. From the Langmuir model and Equation 1, it
was found that the maximum adsorption capacity of the MNP was calculated to be 250mg/g
(FFA/MNP) at 25°C.

Equation 1
Where Qe is the adsorption capacity at equilibrium (mg/g), Ce is the concentration at
adsorption equilibrium (mg/L), Kl is the Langmuir adsorption constant (L/mg), and Qmax is the
maximum adsorption capacity (mg/g).
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Figure 1. Effect of contact time for adsorption of oleic acid on surface of magnetic nanoparticles.

Figure 2. Effect of initial oleic acid concentration on

Figure 3. Langmuir model of data.

adsorption capacity of magnetic nanoparticles.

Adsorption Optimization – Effect of Heat
The first parameter focused on for the optimization of free fatty acid removal from
rendered oil systems was the application of heat while the magnetic nanoparticles (10nm) were
interacting (mixing) with the oil system. The amount and type of rendered oil was kept constant
with 30mL of yellow grease. The amount of MNP added to the oil was kept constant at 0.3g and
mixed for two hours. The temperature range was varied from 25°C to 95°C. Once mixed, the
MNPs were separated using a permanent magnet. Results of temperature optimization can be
seen in Table 1 and Figure 4. 95°C had the largest effect and showed the highest adoption
capacity for the MNPs with an adsorption capacity of approximately 460mg/g (FFA/MNP).
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However, the temperatures that are typically used in the rendering industry, 55-70°C, still show
very high adoption capacity approximately 330-400mg/g.
Heat

FFA %
before

FFA %
after

Adsorption
(mg/g)

25°C

5.61

5.35

223

41°C

5.61

5.29

275

55°C

5.61

5.22

335

65°C

5.61

5.16

387

70°C

5.61

5.14

404

95°C

5.61

5.07

464

Table 1: Results of application of heat on adsorption capacity of 10 nm magnetic nanoparticles.

Figure 4. Graphical representation of heat optimization on adsorption capacity of magnetic nanoparticles.

Adsorption Optimization – Effect of Interaction Time
The second parameter focused on for the optimization of free fatty acid removal from
rendered oil systems was the interaction time of 10nm magnetic nanoparticles and the FFAs
within the rendered oil systems while the temperature of the oil system was kept constant. The
amount and type of rendered oil was kept constant with 30mL of yellow grease. The amount of
MNP added to the oil was kept constant at 0.3g and the temperature was held at 65-70°C. The
interaction (mixing) time ranged from 5 minutes to two hours. Once mixed, the MNPs were
separated using a permanent magnet. Results of time optimization can be seen in Table 2 and
Figure 5. It can be seen that the amount of FFAs removed after 60 minutes of interaction time
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plateaus. There is only an 8.5% increase in adsorption capacity when increasing the interaction
time from 60 minutes to 120 minutes.
Time

FFA %
before

FFA %
after

Adsorption
(mg/g)

5 min

3.09

2.80

255

10 min

3.09

2.78

272

30 min

3.09

2.71

332

60 min

3.09

2.67

366

90 min

3.09

2.64

392

120 min

3.09

2.63

401

Table 2: Results of interaction time on adsorption capacity of 10 nm magnetic nanoparticles.

Figure 5. Graphical representation of interaction time optimization on adsorption capacity of magnetic
nanoparticles

Adsorption Optimization – Magnetic Nanoparticle Synthesis
The third parameter focused on for the optimization of free fatty acid removal from
rendered oil systems was the investigation of a new synthesis method for the production of a
large amount of particles. They original synthesis technique utilized a modified thermal
decomposition method in which the starting materials, metal acetates, were added to a high
boiling point organic solvent at a high temperature under an inert atmosphere. The temperature
was held for multiple hours followed by cooling to room temperature. The MNPs were collected
with a magnet and rinsed with ethanol. Before the MNPs can be used for FFA removal, the MNP
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surface required pretreatment. This original method suffered from the need of an inert
atmosphere, long reaction times, and surface pretreatment before use. Recently a newly
developed co-precipitation method that produced desired particles was utilized. The new coprecipitation method utilized cheap starting materials of metal chlorides dissolved in water.
Sodium hydroxide was added to the starting solution and heated to a low temperature for 30
minutes. Once the solution cooled to room temperature, the MNPs were collected with a magnet
and dried. These particles are ready to be used as is. The advantages of the new techniques
include: simple synthesis of MNPs that are made within an hour; using water based starting
materials; and particles that are ready to use when dry. The quality and size of the new particles
were on par with the original MNPs and share a similar removal efficiency as well, see Table 3.
MNP type

FFA %
before

FFA %
after

Fe3O4

Adsorption
(mg/g)

Reference

125

M. Cano, et al. 2012

GTRI – Original

7.64

6.84

687

Our work

GTRI – New

9.80

8.98

706

Our work

Table 3. Results of synthesis technique on adsorption capacity of 10 nm magnetic nanoparticles.

Adsorption Optimization – Magnetic Nanoparticle Removal
The fourth parameter focused on for the optimization of free fatty acid removal from
rendered oil systems was the method of removal of magnetic nanoparticles from the oil itself.
This was accomplished using yellow grease. The sample volumes included 30mL and 300mL.
Two types of MNP separation, magnetic and centrifugation, were explored. For all studies,
MNPs were added to yellow grease (30mL and 300mL) at 1% weight loading. This means that if
the weight of the oil was 100g, 1g (or 1%) of MNPs were added. The interaction time was two
hours while maintaining a temperature of 70°C. The MNPs were separated using either a strong
(~1T) permanent magnet or through centrifugation. For centrifugation separation, 6,000RPM for
30 minutes was used. The use of centrifugation would allow for easier integration of MNP FFA
removal into current rendering systems, due to the use of tricantors in this industry. Table 4
shows the results and indicate that centrifugation and magnetic separation are comparable with
little to no loss of FFA removal ability. One thing to note is that magnetic separation requires
two hours for complete separation, while centrifugation required 30 minutes.
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Separation
Conditions

FFA % before

FFA % after

Adsorption (mg/g)

30mL magnet

7.01

5.97

890

30mL
centrifuge

7.01

6.00

866

300mL
magnetic

7.33

6.43

768

300mL
centrifuge

7.64

6.84

687

Table 4: Results of magnetic nanoparticle capture of free fatty acids from various volumes of yellow
grease and using two different separation techniques.

The amount of MNPs remaining in the rendered oil was also investigated. This was
accomplished through the use of inductively coupled plasma atomic emission spectroscopy (ICPAES). A procedure for the measurement of MNPs left behind in oil after separation using
magnets or centrifugation was utilized to measure the remaining iron left in the oil. The reason
for iron measurement is that a component of the MNPs’ chemical structure is iron. Therefore a
concentration of iron present in the exposed oil samples that is higher than a blank sample will
indicate that there are MNPs present in the exposed oil. The procedure involves digestion of an
oil sample with a strong acid (5M HCl) in a hot water bath overnight. The HCl dissolved any
MNPs present in the oil and suspends the iron within the water phase. This water phase was then
separated, diluted and measured using ICP, measuring the iron concentration of the solution. The
ICP results from this study are shown in Table 5. As it can be seen, the iron concentration for all
treatments with MNPs are lower than the stock oil, indicating that the MNPs are not only fully
removed from the oil, but the MNPs are removing additional iron from the oil.
Sample

ppm Fe

Stock

49.1

30mL magnet

4.9

30mL centrifuge

0.2

300mL magnet

0.3

300mL centrifuge

1.3

Table 5: Inductively coupled plasma results of magnetic nanoparticle removal from yellow grease.
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Adsorption Optimization – Magnetic Nanoparticle Loading
The fourth parameter focused on for the optimization of free fatty acid removal from
rendered oil systems was the effect of magnetic nanoparticle loading on FFA removal. In all
previous studies, the amount of MNPs added to the rendered oil systems was held constant at 1%
by weight. This means that if the weight of the oil was 100g, 1g (or 1%) of MNPs were added.
For this study, the amount of MNPs added was varied from 0.5% to 5% weight. 300mL of
rendered oil was used for all tests, mixed with the MNPs for two hours at 70°C. The MNPs were
separated using centrifugation at 6,000RPM for 30 minutes. The results of this study can be seen
in Table 6 and indicate that there are diminishing returns starting at 3% loading of MNPs. This
means that there is no improved gain in removal efficiency with the addition of extra MNPs.
From this study, for this type of oil (yellow grease), 2.0% loading is the optimal loading.
Weight Loading

FFA % before

FFA % after

Adsorption
(mg/g)

0.5% loading
9.94
9.49
774
1.0% loading
9.87
9.01
740
2.0% loading
9.94
8.23
736
2.5% loading
9.98
8.51
506
3.0% loading
9.94
8.40
442
5.0% loading
9.89
8.04
318
Table 6: Results of free fatty acid removal comparing magnetic nanoparticle loading concentrations.

Adsorption Optimization – Magnetic Nanoparticle Surface Regeneration
The fifth and final parameter focused on for the optimization of free fatty acid removal
from rendered oil systems was the regeneration of the magnetic nanoparticle surface that allows
for the reuse of the particles. Two different methods of surface regeneration were explored, a
chemical and physical regeneration, with each having advantages and disadvantages. A typical
procedure for the chemical regeneration involves the exposure of the MNPs to a 1M NaOH
solution in ethanol for two hours. After exposure, the MNPs were collected with a magnet and
rinsed with DI water. This exposure and rinse cycle was repeated three times before particles are
allowed to dry overnight. Once dry, the MNPs were ready for reuse. A typical procedure for the
physical method of MNP regeneration utilized a muffle furnace. The MNPs were placed in a
ceramic crucible and heated to 550-650°C for 12 hours. Once the MNPs were cooled to room
temperature, they were ready for reuse.
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The results of both types of regeneration can be seen in Tables 7 and 8.
Chemical
Regeneration

Adsorption
(mg/g)

Initial
539
1x
567
2x
681
3x
590
Table 7. Chemical regeneration of magnetic nanoparticles 0-3 times and effect on adsorption capacity.
Physical
Regeneration

FFA % before

FFA % after

Adsorption
(mg/g)

Initial
9.61
8.86
645
550°C
9.61
8.94
576
600°C
9.61
8.93
585
650°C
9.61
8.88
630
Table 8. Physical regeneration of magnetic nanoparticles and effect on adsorption capacity.

The results of this study show that at 600°C and 650°C that the removal efficiencies
return to original levels, indicating that the surface is being regenerated by the removal of FFAs
through combustion at high temperatures. The results also indicate that both the chemical and
physical methods will regenerate the surface of the MNPs for reuse. As mentioned, each method
has advantages and disadvantages. The chemical regeneration is labor intensive, while requiring
less energy. The physical method less labor insensitive with a “place and forget” approach, but
can be energy intensive.

Removal of Free Fatty Acids from Magnetic Nanoparticle Surface
Since free fatty acids have inherent value, the removal of FFAs from the surface the
magnetic nanoparticles (after capture and removal from rendered oil systems) in a way that
preserves them would be very beneficial. A technique of ligand exchange was utilized to
accomplish this. A typical method for this involved the suspension of the MNP+FFA in hexane
to which a solution of sodium phosphate is added. This mixture was then sonicated for a period
of time. Afterwards, the FFAs remain in the hexane layer, while the MNPs separate into the
water layer and are removed using a magnet. The surface of the dried particles were measured
with Thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FTIR) to
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identify the chemicals present. The results of these tests can be seen in Figures 6 and 7 and
indicate that the FFAs at the particle surface are replaced with the new chemical.

Figure 6. Thermogravimetric analysis of bare particles (blue), phosphate coated particles (green), and free
fatty acid coated particles (purple).

Figure 7. Fourier-transform infrared spectroscopy analysis of bare particles (blue), phosphate coated
particles (green), and FFA coated particles (purple).

Rendered Oil Stabilization
It was theorized that by removing FFAs from stock rendered oil, the shelf-life of the oil
itself could be extended. A study into this extension was performed. A stock of yellow grease
was measured for its FFA levels, and a portion of the oil was exposed to MNPs. The MNPs were
allowed to mix with the oil for two hours and removed using centrifugation. The stock rendered
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oil and MNP exposed oil samples were stored at 50°C for 5-6 months. After the storage period
the FFA levels for all samples were measured. The results for this study can be seen in Table 9.
Sample

FFA % before

FFA % after

FFA %
increase

Stock (9/25  3/24)
9.61
10.14
0.53
Sample 1 (9/25  3/24)
8.86
9.00
0.14
Sample 2 (10/22  3/24)
8.77
8.98
0.21
Sample 3 (10/29  3/24)
8.79
9.02
0.23
Table 9. Free fatty acid levels before and after five month storage for stock and magnetic nanoparticle
exposed rendered oil samples.

It can be seen that the stock rendered oil sample has a higher rate of additional FFA
formation compared to the three samples of rendered oil that were previously exposed to MNPs.
This indicates that the exposed samples become stabilized as a result of the removal of a portion
of the FFAs.
Liter-scale Studies
In order for this adsorption and free fatty acid removal technology to be useful to the
rendering and allied industries, the scale of FFA removal needs to be increased from milliliters to
multiple liters. A study of the scalability of this technology was performed. The range in
volumes of oil treated ranged from 30mL to 4L. The MNPs were loaded at 1% by weight for all
tests and the temperature was held constant at 70°C for all tests. The particles were mixed with
the oil for two hours before separation via centrifugation at 6,000RPM for 30 minutes. The
results of this study can be seen in Table 10 and indicate that there is some loss of adsorption
capacity of the particles once the volume exceeds 1L. This could be due to mass transport effects
of the FFAs and the MNPs. Additional investigative studies to explore this is planned.
Regardless, the amount of FFAs removed per gram of MNP is still three to four times higher
than the next best adsorption material available.
Sample

FFA % before

FFA % after

Adsorption
(mg/g)

30mL
300mL
1.8L
4.0L

7.01
7.64
2.0
8.71

6.00
6.84
1.54
8.09

866
687
400
533

Table 10. Removal of free fatty acids from a range of volumes of rendered oil.
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Summary
The magnetic nanoparticles developed by a team of researchers at the Georgia Tech
Research Institute have shown great advantages of FFA removal from rendered oil systems when
compared to best available adsorption technology. It was shown that the optimal conditions for
FFA removal include: an interaction time of ninety minutes to two hours, oil temperature
between 60-70°C, and separation using centrifugation at 6,000RPM for thirty minutes, allowing
for all particles to be removed from the oil itself, as seen through ICP analysis of the oil. It was
also shown that the particles could be reused multiple times due to surface regeneration. Both
chemical and physical regeneration methods are able to clean the surface of the particles
allowing for high levels of adsorption capacity. Both methods have advantages and
disadvantages that would allow for either’s usage. MNPs were also able to stabilize oil systems
up to five months, through the removal of problematic FFAs. Those same captured and removed
FFAs could be released from the surface of the MNPs in such a way that they are preserved for
future use. Finally, it was shown that the MNPs were able to remove FFAs from up to 4L of
rendered oil while maintaining an adsorption capacity three to four times higher than the next
best adsorption material available.
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